Experimental and numerical studies investigate the pressure recovery coefficient along the wall of a rectangular channel fitted by inclined-perforated and solid baffles. Two baffles of same overall size are used in the experiment. The upstream baffle is attached to the top surface, while the position, orientation, and the shape of the other baffle are varied. Different inflow Reynolds number for this study is tested and ranged between 71,000 and 122,500. Experimental results show that the pressure recovery distribution is strongly depended on the position, orientation, and geometry of the second baffle plate. The pressure drop goes down with an increase in the Reynolds number, but its value depends on the arrangement of baffles. The pressure drop is much higher for two inclined baffles (one perforated on the upper wall and one solid on the lower wall). For the sake of numerical simulation, the turbulent governing equations are solved by a control volume-based finite difference method and using the standard as well as the RNG k -E turbulence model associated with wall function to describe the turbulent structure. A modification includimg the effect of streamline curvature is considered in the turbulence model. The velocity and pressure terms of momentum equations are solved by SIMPLE (semi-implicit method for pressure-lied equation) method. Satisfied comparisons are achieved to verify the turbulence model used. The results show that the wall pressure recovery coefficient is strongly affected by the geometry and location of baffles in the duct. Also, the comparisons of the numerical results given by using turbulence models indicate the quality of the k -E including the streamline curvature in the turbulence model.
INTRODUCTION
Repeated ribs or turbulators have been used as the ne use of baffled type channels is one of the promoters of turbulence to enhance the heat transfer commonly used passive heat transfer enhancement to the flow of coolants in a channel. These roughness strategies in single-phase internal flow. This passive elements break the laminar sub-layer of the flow. The heat-transfer enhancement strategy has been used for heat transfer is enhanced as weU as the pressure drop, various types of industrial applications such as heat an important parameter in the analysis of the overall exchanger, fUrnace design, nuclear reactor performace of such flows. Investigations have been cooling devices, thermal regenerators, internal conducted to predict the effect of the number of cooling system of gas turbine blades and ribbed walls on heat transfer and friction turbomachimes.
characteristics. Rib turbulators are widely used in gas Engineering Research Journal, Vol. 32, No. 2 April 2009, PP 131-143 0 Faculty of Engineering, Minoufiya University, Egypt turbine coolmg. These turbulators are installed on the two opposite sides of the cooling charnel. In some cases, rib turbulators are casted on one side or four sides of the coolmg channel. In spite of turbine blade internal cooling has been widely considered in the past studies, there are other applications such as heat exchangers, electronic equipment and nuclear reactors and may use the results of enhanced internal wolmg in channels with one, two or four ribroughened walls Like jet impingement, ribs, and other heat transfer enhancement techniques, insertion of baffles in heat transfer devices is popular to promote better mixing of the coolant and increase cooling performance [I] .
Applications of the inclined baffles may be in the large land based modem gas turbines, in which it has become a growing trend to increase the temperature of the combustion product to increase the specific thrust and to reduce the specific fuel consumption. Such a high temperature is far above the allowable temperature of super alloys and thermal barrier coatings (TBC) used in gas turbine blades. In gas turbine, usually air is used in the interior side of the blade to maintain the blade at the proper working temperature. Also in a number of other engineering and industrial applications such as, air-cooled solar collectors, laser curtain seals, labyrinth shaft seals, compact heat exchangers, and microelectronics, air is preferred as a coolant for its lightweight. However, due to the very low thermal conductivity internal cooling with gases is less effective than cooling with liquids. There are several techniques available to enhance the heat transfer coefficient of gases in internal cooling. The most commonly used technique for internal cooling enhancement is the placement of periodic ribs. Ribs are generally mounted on the heat transfer surface, which disturbs the boundary layer growth and enhances the heat transfer between the surface and the fluid. These ribs are small and do not disturb the core flow and therefore, the turbulence enhancement and boundary layer break down are mostly localized near the heat fransfer surface. Ribs provide excellent cooling enhancement with a comparatively low penalty in the pressure drop increase for moderate Reynolds numbers, see Dutta and Dutta [I] . Impingement coolmg as a second method uses high velocity jets to cool the surface of interest. However, often a large region needs to be cooled and multiple jets are required. Multiple jets get deflected in the presence of cross flow developed by upstream spentjets. The thiird one is a common intemal cooling enhancement technique in which the placement of internal flow swirls, tape twisters, or baffles is used. The swirl insert and tape twister techniques create a significant amount of bulk flow disturbance, and the pressure drop penalties are much higher compared to the gain in heat transfer coefficient. Inclined solid baffles may be considered as a combination of ribs and channel inserts. The baffles are big enough to disturb the core flow, but like ribs, they are mounted on or near the heat transfer surface and can be periodic in nature. Perforations in inclined baffles create a multiple jet impingement condition and thus create a situation where all three major heat transfer coefficient enhancement techniques work in unison. Bafiles also create hulk flow disturbance, but d i e tapes or swirls, baffles are discrete objects. Therefore, the flow disturbance created by baffles may be localized, but more intense. UsuaUy the baffle plate is attached to the thermally active surface to augment heat transfer by providing additional finl i e surface area for heat transfer and better mixing [I] .
In the past, experimental results were published with baffle plates perpendicular to the flow direction. Among important studies, Berner et al. [2] obtained mean velocity and turbulence results in flow over baffles; and Habib et al. [3] investigated heat transfer and flow over perpendicular baffles of different heights. But these works mainly emphasized on baffles that were perpendicular to the flow direction and for that reason penalties (Ection factor) were higher than the improvements (heat transfer augmentation). However, it is possible to obtain enhanced heat transfer with comparably less frictional head loss by inserting inclined baffles in the flow path. These baffles are big enough to disturb the core flow, but like ribs, they are mounted on or near the heat transfer surface. Moreover, inclined perforated baffles contain circular holes, which facilitate jet impingement toward the heat transfer surface. Hence by utilizing inclined perforated baffles, the tbree major heat transfer augmentation techniques can be wmbimed for effective cooling. Dutta and Dutta [I] reported the enhancement of heat transfer with inclined solid and perforated baffles. In that study, the effects of bafile size, position, and orientation were studied for internal cooling heat transfer augmentation. the fully developed region of uniformly heated square channels have been investigated [lo, 111. Further study of the combined effects of rib geometry and channel aspect ratio on the local values of heat transfer and pressure drop was also reported [12-141.
The results show that the angled ribs provide a better heat transfer performance than transverse ribs, and the lower aspect ratio (AR) channels perform better than the higher aspect ratio channels. The heathass transfer analogy has been applied to study detailed heat transfer distribution in two-pass and three-pass rectangular channels [IS-191. The square channel with parallel and crossed arrays of cross cut and beveled discrete ribs has been studied 120, 211. Also, the effect of the equally segmented ribs arranged in both aligned and staggered arrays on two opposite walls of a square channel has been reported [22] . A paper presenting results of an experimental study of heat transfer and fiction in rectangular ducts with baffles (solid or perforated) attached to one of the broad walls was published by Kanva et al. [23] . They used boundary conditions correspond closely to those found in solar air heaters. The friction factor for the solid baffles is found to be 9.C11.1 times of the smooth duct. Performance comparison with the smooth duct at equal pumping power shows that the baffles with the highest open area ratio give the best performance.
Recently, experimental study attempted to explore the local heat transfer in rectangular channel with baffles was carried out by Lin [24] . Lin [24] analyzed the experimental results of baffles with different heights and bores in the event of different Reynolds numbers and heating quantities. He found that; apart from increasing the perturbation of flow field, the channel's flow field with baffles, which is similar to a backward-facing step flow field, is very helpful to heat transfer. In a more recent publication, a detailed study was conducted for different height of entry channel to uniformly heated rectangular channel with two different angles tumed flow, and with one wall mounted baffle [25] . I<urfbas [25] concluded that the pressure drop and heat transfer rate are strongly increased with the presence of a baffle and turned flow compared with a straight duct.
In the present work experimental and numerical studies of pressure recovery behavior of isothermalturbulent flow in a rectangular channel is presented for different configuration, positions, and orientations of inclined baffles attached to the upper and lower surfaces. The study also includes the effect of the inflow Reynolds number on the pressure recovery.
EXPERIMENTAL SETUP
The experiments were conducted in the heat engine laboratory of the Faculty of Engineering, Menoufiya University. Figure 1 (a) shows a simple schematic view of the experimental setup. Filtered air to the test facility was supplied from two-parallel connected screw compressors. The maximum delivery pressure from the compressors is 15 bar. Each of the two compressors is capable of delivering 0.054m3 1s compressed air to a large air reservoir from which the air passes through a control valve in the main pipeline of lOcm diameter. Therefore, the inflow discharge to the working section is manually regulated. A settling pipe of 4 hydraulic-diameter length is installed followed by a duct converter, smoothly converting the circular cross-section to a rectangular cross-section duct of the working section; see El-Askary and Nasr [26] . The test section used in the present paper is manufactured from steel. Its
(internal dimensions) and length 100 cm. Both (steel) solid and perforated baffles are of the same overall size (length L=29 cm, width W=12 cm and thickness l=3 mm) and utilized in the present study. The schematic view of the perforated baffles is given in Fig. 1 (b) . The leading edges of the baffles are kept sharp to reduce the flow disturbance by the protruding edge. All perforated baffles have uniform holes of diameter d = Icm. A total of three baffles, two perforated baffles and one solid are used. The summary of these baffles dimensions is presented in Fig. (2) 
MATHEMATICAL MODEL
The physical model used in this study is shown in Figure 2 , where two-dimensional incompressible turbulent flow is considered. In the present study, it is assumed that the fluid (air) is incompressible and Newtonian with temperature-independent fluid properties. Based on the characteristics scales of H (the duct cross-section height) and Ui,, (the inflow bulk velocity), the dimensionless variablesare defmed as --
where, the over bar represents the dimensional quantities. Acwrdmg to the above assumptions and dimensionless variables, the dimensionless governing equations are expressed as the following: In the porous region, the contribution of turbulence in a porous region is neglected by setting the turbulent contribution to viscosity equal to zero. In addition, the generation of turbulence will be set to zero in the medium. c) Exit boundary A zero gradient condition is employed for the outlet boundaty. Although this boundary condition is strictly valid only when the flow is fully developed, it is also permissible for sufficient downstream £tom 84 the region of interest, i.e., -= 0 and ax 4. SOLUTION PROCEDURE The mathematical models described above consist of a set of differential equations subject to appropriate boundary conditions. To provide the algebraic form of the governing equations, a fully staggered grid system is adopted for the velocity components and the scalar variables. These equations are discretized using a control volume finite difference method (CVFDM). The numerical solution in the present work is accomplished using Semi-Implicit Method for Pressure L i e d Equation 
RESULTS AND DISCUSSION
The performance of the various discussed k -& models is fvst tested. The local pressure recovery coefficient Cp along the lower wall of the duct with the presence of one perforated baffle on the upper wall and another one on the lower wall (case 4, see Table 1 ) is presented in Fig. 3 for all tested turbulence models. As noticed the standard and the improved streamline curvature k -& models capture the shape of the pressure distribution.
However, the improved k -& model of Leschziner and Rodi [27] adequately fits the experimental data, so it will be used for all other simulation cases. Figure 4 shows the pressure coefficient on the bottom wall of a smooth channel without any installed baffles with dimensionless downstream distance x/H
for different values of Reynolds number using k-s model with correction of Leschziner and Rodi 1271.
The trend of pressure generally decreases in the downstream direction. As Reynolds number increases, the pressure coefficient decreases due to the friction losses increasing. Figure 5 represents the relation between the pressure recovery coefficient Cp and the dimensionless downstream distance x/H at bottom wall of the channel with two inclined baffles of 5' inclined angle. One baffle is perforated and located on the upper wall at dimensionless distance A& =0.25 fiom the inlet of channel and a second baffle is solid and located on the bottom wall at different dimensionless distances, C B 5 . 8 , 8.9 and 12 from the inlet of channel (cases 1, 2 and 3, see Table 1 ). The plots
show the effect of Reynolds number on the pressure recovesy coefficient. Three different values of channel Reynolds number 71,000, 100,000 and 122,500 are considered, respectively. From Figure  5 (a), it can be seen that the pressure decreases with downstream distance until the location of the second baffle. This is due to the acceleration of flow near the bottom wall with the downstream distance. It fills down suddenly behind the baffle to minimum value and then increases again reaching the reattachment point and it slowly increases to reach the atmospheric pressure at the duct exit. It may be expected to be an effect of a recirculation zone generated behind the baffle. Also kom the Figure, it is seen that the pressure coefficient decreases by increasing Reynolds number. This is because the hydraulic losses are decreasing with increasing Reynolds number. The increment of the pressure recovery coefficient decreases in the front of the second baffle by changing its location in downstream direction C/H=8.9. When the location of second baffle is at C/H=12, the effect of the first baffle is appearances at the begging at x/H=6. The pressure in this zone decreases with downstream due to the hydraulic losses. But the pressure recovery coefficient increases after the second baffle and this may be due to the presence of the recirculation zone behind the second baffle, see Figure 5 (c). Figure 6 shows the relation between the pressure recovery coefficient and the dimensionless downstream distance x/H at bottom wall of the channel with two inclined perforated baffles with the same inclined angle of 5 degrees. One perforated baffle is located on the upper wall at a distance Engineering Research Journal, Minouflya University, Vol. 32, No. 2, April 2009 A/H=0.25 from the inlet and second perforated baffle is installed on the bottom wall at different dimensionless distances, C m 5 . 8 , 8.9 and 12 fkom the inlet of channel (cases 4, 5 and 6, see Table 1 ). From this Figure, it can be seen that the trend of the pressure recovery coefficient is same like that trend of the pressure in Figure 5 , but with lower values of pressure. This is due to the flow leakages which pass through the holes in the second baffle in the form of jets which impinge the lower wall and hence causes an increase of pressure on the surface Figure 7 indicates the relation between the pressure recovery coefficient and the dimensionless downstream distance x/H at bottom wall of the channel with the presence of two installed inclined perforated baffles with 5'-inclination angle. These perforated baffles are fixed on the up wall. The first perforated baffle is installed at a distance AM=0.25 fkom the inlet and second perforated baffle installed in the upper wall also at various distances, C/H=5.8, 8.9 and 12 fkom the inlet of channel (cases 7 , s and 9, see Table 1 ). From Fig. 7(a) , it can be seen that the pressure recovery coefficient decreases to a first minimum value and then increases to a peak value. The location of this peak value appears to be in the space between the baffle plates. The pressure coefficient decreases again to second minimum value. It increases again to reach zero value at outlet section. The first minimum value of the pressure is due to the flow acceleration near the bottom side of channel at face of the fust baffle edge. In this zone the velocity increases because the flow area becomes narrow, consequently the pressure becomes lower. The flow area increases between the two baffles then the velocity decreases in this zone accordingly the pressure increases. The flow area reduces again in downstream direction because of the second inclined perforated baffle, then the kinetic energy increases and it becomes high at the second baffle edge then the pressure becomes minimum value. After the second baffle edge, the flow area increases, consequently the velocity decreases and then the pressure recovery coefficient increases. The effect of the second perforated baffle location on the pressure recovery is separately studied and included in Fig. 8 . For different locations of the second inclined perforated baffle.C/H= 5.8, 8.9 and 12 from the inlet of channel at constant Reynolds number Re = 71000, the experimental and numerical values are presented. This plot reveals that the value of pressure coefficient increases upstream of the second baffle. This is because the flow area increases as the second baffle shiffs in downstream duection then the velocity decreases consequently the pressure increases. As the location of second baffle shifts toward downstream direction, the minimum value of the pressure decreases, which occurs in the recirculation zones behind the second baffle location. This is due to the disturbance of the flow in recirculation zone becomes strong causing an increase of the hydraulic losses. The effect of the type of the second inclined baffle (i.e., perforated baffle or solid baffle) on the pressure recovery coefficient on the bottom wall at Re = 71000 is shown in Figure 9 . From this Figure, it is seen that, in case of the channel without baffles, the pressure recovery coefficient decreases with downstream duection. The pressure increases in case of channel with baffles one perforated baffle on the upper wall and the second baffle on the bottom wall. This is because the existing of the baffles decelerates the flow and hence the pressure increases. In case, the second perforated baffle is installed, the pressure is less than the case of solid baffle. This is due to the leakage of the flow in the perforated baffle, and then the pressure reduces. with baffle angle (6'= 54 is shown in Figure 10 .
From this Figure, it can be seen that the velocity concentrates in the gape between the two baJ3les and the flow passages from the holes as jets forms in the perforated baffle. Five recirculation zones generate behind the first perforated baffle. The same recirculation zones appear behind the second perforated baffle, see Fig. 10(a) . But one recirculation zone appears behmd the second solid baffle at same location as shown in Fig. 10(b) . The length of this recirculation zone is bigger than the length of recirculation zone for the case of second perforated baffle. This is because the second solid baffle does not allow any flow jets and it deflects the entire flow toward the upper wall. When the second perforated baffle is fvted at the same location C M . 8 on the upper wall, the lengths of recirculation zones behimd the tirst perforated baffle are decreased. This is due to the effect of second perforated baffle. Figure 11 6. CONCLUSIONS In the present paper, experimental and numerical studies were performed to investigate the effect of inclined-perforated and solid baffles on the pressure recovery coefficient along the walls of a rectangular channel for different inflow velocities. The results showed that the pressure recovery distribution is strongly affected by the position, orientation, and geomeby of the second baffle plate. The pressure drop goes down with an increase in the Reynolds number, but its value depends on the arrangement of baffles. The pressure drop is much higher for two inclined baffles (one perforated on the upper wall and one solid on the lower wall). The numerical simulation included different turbulence models; the 
